Introduction {#s1}
============

The choices that a female makes at oviposition can greatly affect the survival and development of her offspring ([@i1536-2442-5-39-1-awmack1]; [@i1536-2442-5-39-1-fox1]; [@i1536-2442-5-39-1-reale1]; [@i1536-2442-5-39-1-thompson1]). At oviposition a female may vary her egg laying in response to many factors including; her own state, e.g. the quantity of nutritional reserves, the environmental conditions she encounters, e.g. host quality ([@i1536-2442-5-39-1-heimpel1]), in response to trade-offs between clutch size and adult survival ([@i1536-2442-5-39-1-roff1]), and current and future reproduction ([@i1536-2442-5-39-1-rosenheim1]).

One frequently studied reproductive trade-off is that of propagule size versus propagule number. The classic [@i1536-2442-5-39-1-smith1] model predicts a negative relationship between propagule size and number, and suggests that for each species a particular combination must exist to maximize fitness. Many studies have since shown that in unpredictable environments selection will favor a bet-hedging reproductive behavior where a range of propagule sizes and numbers are produced to increase the lifetime reproductive success ([@i1536-2442-5-39-1-clutton-brock1]; [@i1536-2442-5-39-1-fox1]; [@i1536-2442-5-39-1-roff1]; [@i1536-2442-5-39-1-stearns1]). Studies on various insect species demonstrate that larger offspring should be produced when conditions for offspring growth and survival are poor ([@i1536-2442-5-39-1-awmack1]; [@i1536-2442-5-39-1-carriere1]; [@i1536-2442-5-39-1-fischer1]; [@i1536-2442-5-39-1-fischer2]; [@i1536-2442-5-39-1-fox2]; [@i1536-2442-5-39-1-leather1]; [@i1536-2442-5-39-1-rotem1]; [@i1536-2442-5-39-1-savalli1]; [@i1536-2442-5-39-1-takakura1]). However, the model of [@i1536-2442-5-39-1-mangel1] predicts that mothers should choose larger clutch sizes, thereby producing small less fecund offspring, when their offspring inhabit a poor environment. Therefore, the time when mothers should choose larger offspring over smaller offspring (and vice versa) is still subject to debate.

Some insect species adjust the size-number trade-off of their offspring according to the quality of the hosts that they encounter. The time available for females to search for optimal oviposition sites has the potential to greatly affect the decision-making process of females. Behavioral plasticity during oviposition enables females to increase the rate at which hosts are found when time is limited. However, the strategies employed to increase host encounter rate may result in a decline in the quality of hosts on which eggs are laid ([@i1536-2442-5-39-1-papaj1]). Time limitation therefore also has the potential to affect this trade-off. At high male densities, repeated male harassment of females has the potential to reduce the time available for oviposition, and may result in a reduction in the reproductive success of females ([@i1536-2442-5-39-1-boisseau1]).

Preliminary data collected by [@i1536-2442-5-39-1-boisseau1] suggested that the presence of males during the first week of oviposition may cause Pararge aegeria (L) females to be engaged in a high level of activity, thus minimizing the time available for oviposition and oviposition resting. Although further studies are required to confirm this finding, this observation may provide an explanation for the cryptic post-copulatory behavior of P. aegeria females, with active avoidance of males ([@i1536-2442-5-39-1-wickman3]). Other butterfly species also show active avoidance of males once mated ([@i1536-2442-5-39-1-baguette1]; [@i1536-2442-5-39-1-odendaal1]; [@i1536-2442-5-39-1-shapiro1]; [@i1536-2442-5-39-1-wickman1]). This post-copulation behavior may have evolved to reduce the potential cost (to the offspring) of the differing mating strategies between the two sexes. Although previous studies of other butterfly species have shown that high male density affects oviposition behavior ([@i1536-2442-5-39-1-baguette1]; [@i1536-2442-5-39-1-odendaal1]; [@i1536-2442-5-39-1-ohtani1]; [@i1536-2442-5-39-1-shapiro1]; [@i1536-2442-5-39-1-wickman1]) few have studied the effect of male presence on egg laying itself.

Female lepidoptera, particularly capital breeders ([@i1536-2442-5-39-1-tammaru1]), are known to lay larger eggs at the start of the oviposition period and gradually lay smaller eggs over time as their larval derived resources become depleted ([@i1536-2442-5-39-1-begon1]; [@i1536-2442-5-39-1-boggs2]; [@i1536-2442-5-39-1-harvey1]; [@i1536-2442-5-39-1-karlsson1]; [@i1536-2442-5-39-1-karlsson2]; [@i1536-2442-5-39-1-torres-vila1]; [@i1536-2442-5-39-1-wellington1]; [@i1536-2442-5-39-1-wickman2]; [@i1536-2442-5-39-1-wiklund1]; [@i1536-2442-5-39-1-wiklund2]). Although this trend has frequently been observed in butterfly species, as yet it is unknown whether female butterflies are able to adjust their clutch size in response to the environment or the social conditions they encounter.

This study aims to examine the combined effect of the environmental condition host quality, and of the social factor male presence, on the oviposition behavior and the egg size number trade-off. Two experiments were performed where individual females were housed in small cages either in the presence or absence of males during oviposition. In the first experiment we examined how social factors influenced both the number and size of eggs that females lay. In the second experiment the effect of social factors on oviposition site choice, and the size of the egg laid, was measured. At oviposition, females in the presence of males were expected to change their egg laying and either lay a larger number of small eggs, or lay a smaller number of large eggs.

Materials and Methods {#s2}
=====================

Study organism {#s2a}
--------------

In 2000 at Portela on Madeira Island, Portugal, 55 eggs of P. aegeria were collected along two transects, one egg was removed from each host-plant Brachypodium sylvaticum (Beauv., 1762), and brought to the Manchester Metropolitan University butterfly house for rearing. After eclosion, these stock adults (n = 30, m: f sex ratio = 1:1) were used and the colony was maintained over 5 generations in a flight cage 1.25 × 3.90 × 1.80m. Adults were fed daily with a 10% honey solution via 5 artificial flowers (for design see [@i1536-2442-5-39-1-cory1]), distributed at random in the flight cage. Honey supplies were replenished daily. Ten B. sylvaticum plants were made available for each generation of females to lay their eggs. These plants were distributed randomly throughout the flight cage. Photoperiod ([@i1536-2442-5-39-1-nylin1]) and temperature ([@i1536-2442-5-39-1-sibly1]) are known to affect the development of P. aegeria larvae. A 12:12h LD cycle, a temperature of 21 2° C and a humidity of 50 10% were therefore strictly maintained for the whole of the growth period (i.e. from egg stage to adult stage). Lighting in the butterfly house was provided at a frequency of 50/60 Hz by 8 ceiling lamps.

Factors that are known to affect female fecundity were controlled. Parental age has been shown to affect fecundity ([@i1536-2442-5-39-1-lamunyon1]; [@i1536-2442-5-39-1-svard1]; [@i1536-2442-5-39-1-wedell1]; [@i1536-2442-5-39-1-wiklund2]) therefore, for the first mating, all of the males and females were randomly selected and introduced on the first day of eclosion where they were both willing and able to mate. The age of all of the non-virgin males used were within 1 or 2 days of each other.

Female reproductive output is strongly dependent on the resources accumulated in the larval stage ([@i1536-2442-5-39-1-boggs1]) therefore all of the females used in this study were reared singly and provided with food *ad libitum* to avoid food shortages. At the end of the experiment, a random subset of females from each treatment (in total n = 19) was selected and their left forewing was measured (mm) using digital calipers. This measurement was taken as an overall indicator of body size.

Host-plants {#s2b}
-----------

The larval host-plants, B. sylvaticum, were grown from commercially produced seed, and sown in 4-inch pots containing soil-based compost. To reduce variation in quality, all of the plants were reared under identical conditions at a temperature of 23 ± 2° C and a humidity of 45 ± 10 %. Light was provided at an intensity of 7000 Lux over a 16:8h LD cycle. Plants were watered daily, but never fertilized. All of the plants were used when they had between 50 and 70 blades. Each host plant was only used once, so that one plant was assigned at random to an individual female and used in the experimental procedures described below.

Experimental procedures {#s2c}
-----------------------

### Experiment 1: The effect of social factors on oviposition {#s2c1}

To determine how the presence of males during oviposition affects egg laying pattern and behavior of individual females, 62 newly emerged virgin males and virgin females were placed together in pairs in a cage (0.5m × 0.5m × 0.5m) along with a B. sylvaticum plant and an artificial flower (after [@i1536-2442-5-39-1-cory1]). This flower was re-filled with a 10% honey solution, once daily, to provide the adult butterflies with a permanent food source.

In the first treatment group (n = 31), the adult pair were left until the first egg was laid. When the first egg was laid, the male was removed from the cage and the female was left to lay the rest of her eggs, unharassed, over 14 days of oviposition. The number of eggs laid in total was recorded. All of the eggs from each female were kept until hatching to ensure that mating had been successful.

In the second treatment group (n = 31), the adult pair were left until the first egg was laid, but on the day of first egg laying, instead of removing the male, an extra virgin male was placed in the cage. To maintain harassment levels throughout the oviposition period, the males were replaced every 2 days with 2 new non-virgin males.

On the first day of oviposition, for each female, 3 eggs were selected at random and their diameter was measured using a micrometer. Repeatability tests were performed on egg size to determine how much within-day variation existed in the daily samples collected for each individual. Using these three egg measurements, the repeatability (t), or the proportion of variation due to differences between, rather than within females in egg size, was calculated using ANOVA ([@i1536-2442-5-39-1-becker1]). Due to the highly repeatable nature of the eggs laid ([@i1536-2442-5-39-1-boake1]; [@i1536-2442-5-39-1-falconer1]) by each individual (t = 0.54 ± 0.04, n = 62), for the remainder of the oviposition period only one of the eggs collected, per day, per individual, was used for diameter measurements. These daily egg measurements were then used to calculate mean egg size, per individual, over the whole 14 days of oviposition.

### Experiment 2: The effect of social factors on host selection {#s2c2}

To determine how the presence of males during oviposition affects the selection of egg laying sites, two treatment groups were again created, as described above. In the first treatment group, females were alone during their oviposition period (n = 14). In the second treatment group, females were kept with 2 males throughout their oviposition period (n = 14). In this experiment, each day of oviposition (n = 14 days) the plant was removed from the cage and inspected for eggs. Each egg on the plant was removed from each blade of grass and the health of the blade was recorded. Health of blade was taken as a measure of oviposition site choice and was measured as either; 100% (green blade, no brown blotches or wilting) 50% (less than 50% of the blade is wilting or brown) or 0% (blade of grass is dead, totally brown and wilted). For each female, half of the eggs laid in each of the oviposition categories were kept and their size was recorded. Egg size was recorded daily by measuring the diameter using a micrometer.

### Statistical analysis {#s2c3}

The total egg laying behavior of 90 females was examined in experiments 1 and 2. The total number of eggs laid was observed to range between 1 and 269. Egg size was observed to range between 0.600 and 1.120 mm. All of the mean egg size and mean total egg number values calculated per individual were included in analyses. We confirmed the validity of including all data by testing with and without the extreme values. Although the slope changes, neither the pattern nor the statistical significance was affected. All the data were therefore included as they appeared to be biologically meaningful.

### Experiment 1: The effect of social factors on oviposition {#s2c4}

A least squares regression was performed to investigate the existence of a trade-off in mean egg size and total number of eggs laid, and to determine whether the presence of males during oviposition may affect any such trade-off. Thus, for each treatment our null hypothesis was the same, that there is no relationship between egg size and number. All statistical procedures were performed using Systat 9.0.

### Experiment 2: The effect of social factors on host selection {#s2c5}

To test whether females alter their egg-laying behavior in response to both the size of the egg they have to lay and the social conditions that they encounter, we scored where the female laid her egg in relation to the choice of the blade of grass as described above. Females alight at an oviposition site and within 2 seconds deposit an egg (personal observation). This would suggest that eggs are pre-packaged on arrival, and that egg production is not completed after the oviposition site is chosen. For this reason, blade choice was assigned the dependent variable. The dependent variable, blade choice was categorical, with 3 categories, while egg size was measured on a continuous scale and social condition measured as 2 categories, male absence (treatment 1) and male presence (treatment 2). Given the nature of these data, regression with categorical dependent variable, or logistic regression ([@i1536-2442-5-39-1-wilkinson1]), was used to test the hypothesis. Distance-weighted least-squares (DWLS) nonparametric curve fitting was used to visualize the relationship between egg size and blade choice ([@i1536-2442-5-39-1-wilkinson1]).

Results {#s3}
=======

Experiment 1: The effect of social factors on oviposition {#s3a}
---------------------------------------------------------

To examine how the presence or absence of males during oviposition affects the reproductive output of individual females the relationship between mean egg size and the total number of eggs laid was examined. A least squares regression was performed for both groups of females to investigate the existence of a trade-off in mean egg size and the total number of eggs laid. For females on their own during oviposition, a negative relationship between egg number and egg size was observed but this relationship was non-significant (F = 0.797, d.f. = 1, 23, P = 0.381). For females in the presence of males during oviposition, a significant negative relationship between egg size and number was observed (F = 10.333, d.f. = 1, 24, P = 0.0037). In the presence of males, females make a trade-off between egg size and number, laying a larger number of small eggs [(Figure 1)](#i1536-2442-5-39-1-f01){ref-type="fig"}.

Experiment 2: The effect of social factors on host selection {#s3b}
------------------------------------------------------------

Laying behavior on completely healthy blades (oviposition site choice, category 3, n = 146) was compared to laying on blades with some damage (category 2), and to laying on completely damaged blades (category 1). For logistic regression analysis we considered oviposition site choice category 3 to be the referent sample, and categories 1 and 2 were evaluated with respect to it ([@i1536-2442-5-39-1-sokal1]).

Category 2 oviposition sites had substantially lower odds of possessing large eggs, or eggs that were laid by females that were alone during oviposition. Females were much more likely to lay eggs on completely healthy blades if they are laying large eggs ([Table 1](#i1536-2442-5-39-1-t01){ref-type="table"}, estimate = 21.578, t = 3.017, P = 0.003) or when unharassed ([Table 1](#i1536-2442-5-39-1-t01){ref-type="table"}, estimate = 16.343, t = 3.719, P \< 0.001). Furthermore, the effect of harassment interacts with egg size, such that when females were in the presence of males they do not choose oviposition sites according to the size of the egg they have to lay ([Table 1](#i1536-2442-5-39-1-t01){ref-type="table"}, interaction estimate = −18.189, t = −3.833, P \< 0.001). A similar pattern was not observed for category 1 oviposition sites, but this may be due to the sample of eggs laid at these sites being small [(Table 1)](#i1536-2442-5-39-1-t01){ref-type="table"}. There was, however, a significant overall effect of egg size and male presence on the choice of oviposition site (log-likelihood of constants only model = 35.458, df = 6, Chi-square P \< 0.001).

These effects can be visualized with non-parametric DWLS regression [(Figure 2)](#i1536-2442-5-39-1-f02){ref-type="fig"}. When harassed, female behavior was unaffected by the size of the egg she is laying. In contrast, if the female is free from harassment, the larger the egg the more likely the female was to lay an egg on a healthy blade.

Discussion {#s4}
==========

Females in the absence of males during oviposition were observed to adjust the quality of their host plant selection according to the size of the egg that they laid, laying larger eggs on high quality hosts (cf. [@i1536-2442-5-39-1-papaj1]). However, females that were time limited due to the presence of males during oviposition made a trade-off between egg size and number, laying a larger number of small eggs. This suggests that Madeira Island populations of P. aegeria follow the [@i1536-2442-5-39-1-smith1] and have a negative relationship between egg size and number when time is limiting. Further, these females were not selective about host quality and did not position their large eggs at high quality sites. Under time-constrained conditions, therefore, female P. aegeria maximize their host encounter rate by laying a larger number of small eggs and by being less selective about host quality. This finding would add support to the model of [@i1536-2442-5-39-1-mangel1].

[@i1536-2442-5-39-1-wiklund2] examined the oviposition strategy of laying gradually smaller eggs over time and suggested that females could maximally increase their fecundity by 25% if they laid small eggs only, and questioned why P. aegeria females were not selected for high fecundity. The results from this study suggest that by adopting an intermediate strategy between high fecundity (many smaller eggs) and low fecundity (fewer larger eggs), females are more flexible, and can adapt their oviposition strategy according to external cues. When time to search for suitable oviposition sites was limiting (i.e. in the presence of males), the selection of egg laying sites was not biased by egg size, and females showed no active selection. These results add support to preliminary data collected by [@i1536-2442-5-39-1-mcclellan1] who found that time constraints during oviposition, as a result of male harassment, resulted in an increase in the frequency of egg clumping. Under time constrained conditions, therefore, females adopt a high fecundity oviposition strategy to maximize the host plant encounter rate. Conversely, when the time available to search for optimal oviposition sites was unrestricted by external pressures, females adopted a low fecundity oviposition strategy. This low fecundity strategy is beneficial because each large egg is deposited at an optimal oviposition site, thus maximizing offspring survival ([@i1536-2442-5-39-1-minkenberg1]).

Other studies hypothesized that larvae hatching from large eggs would have increased fitness, and [@i1536-2442-5-39-1-torres-vila1] have recently found that for Lobesia botrana, large larvae had greater starvation resistance than small larvae from small eggs. But studies with P. aegeria have not, so far, found differences between large and small larvae for larval mortality, larval development, starvation resistance or subsequent pupal weight ([@i1536-2442-5-39-1-karlsson2]; [@i1536-2442-5-39-1-wiklund2]). This would suggest that there may be another, as yet unknown, benefit from laying large eggs explaining our finding that females are more selective about where they lay their large eggs.

The mechanism by which the females in this study were able to 'control' the size of the eggs that they laid is unclear, and therefore requires further examination. [@i1536-2442-5-39-1-torres-vila1] found that water stressed female L. botrana significantly reduced the size of their eggs, and argued that even though females eclose with a large complement of mature eggs (termed pro-ovigeny; [@i1536-2442-5-39-1-rosenheim1]), water ingestion between mating and the start of oviposition was crucial for increasing the size of the eggs produced. Male presence during oviposition is known to increase the activity levels of P. aegeria females ([@i1536-2442-5-39-1-boisseau1]). This increased activity may cause females to become dehydrated, and this may be physiologically responsible for the smaller egg sizes observed for females kept at high male density. We suggest, therefore, that water regulation may be important over the whole oviposition period.

Additional studies are required to determine the particular nature of the stress imposed by male presence. In addition, examination of the affect of other social factors (e.g. the presence of multiple females) on oviposition behavior is recommended.
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![A least squares regression to determine the relationship between mean egg size (mm) and total number of eggs laid. Regression for individual females where males were present during oviposition; F = 10.333, d.f = 1, 24, P = 0.0037. Regression for individual females that were on their own during oviposition; F = 0.797, d.f = 1, 23, P = 0.381.](i1536-2442-5-39-1-f01){#i1536-2442-5-39-1-f01}

![Non parametric DWLS (distance weighted least squares) regression to show if the presence of males during oviposition prevents females from selectively laying their large eggs at healthy oviposition sites. A non-parametric regression was used to visualize the relationship between the categorical dependent variable and the continuous independent variable without constraining the nature of the pattern that would be seen. The dependent variable, oviposition site choice was categorical, with 3 categories, where 1 is a low quality site and 3 is a high quality site. Egg size was measured on a continuous scale. Social condition measured as 2 categories, male presence (red data points) and male absence (blue data points).](i1536-2442-5-39-1-f02){#i1536-2442-5-39-1-f02}

###### 

A summary of logistic regression results relating oviposition site choice (category 1, 2 or 3) to egg size and social condition.
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